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If supersymmetry exists at any scale, regardless of whether it is restored around the weak scale,
it may be a good symmetry of the dark sector, enforcing a degeneracy between its lowest lying
fermions and bosons. We explore the implications of this scenario for the early universe and dark
matter, as well as the corresponding signatures. In particular we show that the thermal history of
the dark sector results in co-decaying dark matter in much of the parameter space. This implies
new phenomenological signatures and presents a new way to discover high scale supersymmetry.
I. INTRODUCTION
The identity of dark matter (DM) has long been a mys-
tery, as has the question of how its observed relic abun-
dance came to be. The lack of observation of WIMP dark
matter at operating direct detection experiments has led
to a surge in activity in this field, with many proposed
new theoretical ideas for dark matter beyond the WIMP
(see, e.g., Refs. [1–10]). Many new experimental ideas
to detect such dark matter have similarly been proposed
(see, e.g., Refs. [11–19]).
Supersymmetry (SUSY) has been a focal point for par-
ticle physics research since its conception, though null re-
sults from the LHC have somewhat shifted the image of
what a supersymmetric solution to the hierarchy prob-
lem would look like. For the past 35 years, the study
of dark matter with supersymmetry has focused on the
lightest superpartner (LSP) of the Minimal Supersym-
metric Standard Model (MSSM) as a dark matter can-
didate, as it can be absolutely stable due to R-parity
conservation [20].
In this work we take a different approach, and show
that if there is a hidden sector that is approximately su-
persymmetric, with an interaction portal to the MSSM,
then there are profound implications for the thermal his-
tory of dark matter. Approximately supersymmetric sec-
tors have been considered in the context of WIMP dark
matter in Refs. [21–24], and the collider physics impli-
cations of such sectors have been studied extensively in
stealth supersymmetry [25–27]. Such sectors can undergo
different thermal histories depending on the size of the
coupling between the visible and dark sectors; as we will
show, this results in co-decaying dark matter [9] in much
of the parameter space.
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In the co-decaying dark matter framework, recently
proposed in Ref. [9], nearly degenerate particles of a dark
sector are in chemical and thermal contact with each
other, while the lighter of the states undergoes a slow,
out-of-equilibrium, decay into Standard Model (SM) par-
ticles. Supersymmetric theories are therefore a natural
habitat for the co-decaying mechanism, since the near-
degeneracy of the dark particles is ensured by approxi-
mate supersymmetry within the hidden sector.
It is clear that supersymmetry, if it exists at some scale,
is badly broken in the visible sector. It may, however,
be nearly preserved in a hidden sector. Supersymmetry
breaking in a hidden sector can naturally be small if it
is mediated from the supersymmetry breaking sector to
the MSSM, but not directly to the dark sector, e.g., via
gauge mediation. The dark sector then feels supersym-
metry breaking through the portal with the MSSM and
through supergravity effects. Provided that the portal is
weak, and the gravitino mass is much smaller than the su-
persymmetric masses in the hidden sector, the dark sec-
tor states will remain approximately degenerate within
their supersymmetric multiplets.
Conventional models of gauge-mediated supersymme-
try breaking suffer from the gravitino problem, where
the gravitino abundance would over-close the universe
unless all the superpartners are close to the TeV scale or
the scale of reheating is low [28, 29]. As we will show,
in models undergoing co-decay, this tension is alleviated
through the entropy dump of the hidden sector into the
SM particles. This substantially reduces the predicted
relic abundance of the gravitinos, thus opening up the
possibility of gauge-mediated split supersymmetry [30]
with a higher reheat temperature.
This paper is organized as follows. In Section II we
discuss some generalities of approximately supersymmet-
ric sectors. Section III reviews the ingredients of co-
decaying dark matter. An explicit model is presented
in Section IV, with Section V studying the parameter
space. We conclude with a discussion in Section VI.
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2II. VERY SUPERSYMMETRIC SECTORS
We begin by summarizing the general features of hav-
ing a very supersymmetric hidden sector, which we take
to be a sector with small boson-fermion splittings within
a supersymmetric multiplet. To best characterize the dy-
namics of such theories, we introduce the relevant scales
and schematic shown in the left panel of Fig. 1. The
hidden sector has a self-coupling κ, mass m, and is con-
nected to the visible sector through a small coupling ε.
The SUSY breaking is mediated to both the visible and
hidden sectors through Mpl-suppressed operators and to
the SM through its gauge interactions at a scale M .
The thermal history of the dark sector and whether
there exists a viable dark matter candidate will depend
on the couplings. Motivated by the null observation of
any baryon- or large lepton-number violating processes,
we focus on models that are R-parity conserving. Thus
there is a dark matter candidate in the dark sector if
m < MSUSY, (1)
where MSUSY is the mass scale of the superpartners in
the visible sector.
For the hidden sector to be approximately supersym-
metric, the breaking must be sufficiently small, and grav-
ity mediation must be subdominant. This imposes the
requirements (note that we use ε schematically here,
though we give it an explicit meaning in the context of a
model later)
m3/2  m εMSUSY , (2)
where m3/2 is the gravitino mass. Under these condi-
tions, we call the dark sector very supersymmetric. This
leads to the spectrum shown schematically in the right
panel of Fig. 1.
The hidden sector will have a lightest R-even and R-
odd state, which we label φ and ψ˜, respectively. While
R-parity protects ψ˜ from decaying to SM particles, the
mass hierarchy of Eq. (2) enables it to decay via couplings
to the gravitino, and therefore ψ˜ is only an approximately
stable dark matter candidate. These decays of ψ˜ proceed
into the gravitino and either an on-shell or off-shell φ,
depending on the mass hierarchy between the φ and ψ˜
states: ψ˜ → G˜ (φ(∗) → ff¯). The decay width of ψ˜ is
suppressed by either the small mass-splitting or by the
small coupling to the SM. As a result, ψ˜ is long-lived on
cosmological scales and is a viable DM candidate.
The R-even state, φ, will decay into SM particles via
the ε portal to the visible sector,
ΓS→SM ∝ ε2m. (3)
Effectively, the important interactions between the hid-
den and visible sector can arise from this decay.
In essence, the setup we have just described contains
all the ingredients of a co-decaying dark matter setup:
Two nearly degenerate particles, interacting with each
other, and one of them decaying into SM particles. The
dynamics in the dark sector, and which process sets the
relic abundance of the dark matter, both strongly depend
on the size of these decays.
Regardless of the existence of a dark matter candi-
date, this setup will generically alleviate the gravitino
abundance problem. Since the lightest states in the dark
sector are long-lived, the dark sector will dominate the
energy density of the universe after they become non-
relativistic. This leads to an early period of matter dom-
ination which has important effects on small scale struc-
ture [10]. Once the dark sector decays, it reheats the SM
bath, diluting existing relics. The cosmological gravitino
problem—that gravitinos are typically overproduced in
the early universe [28]—is thus addressed.
III. CO-DECAYING DARK MATTER
In this section, we briefly review the dynamics of de-
caying dark sectors with emphasis on the co-decaying
regime. A detailed study of the thermal history is con-
tained in Ref. [9]. Co-decay takes place when the low-
est lying states in a hidden sector are degenerate and in
thermal contact, and part of that sector is unstable. The
density of the stable states will track that of the unstable
states as they decay away, until the interactions between
the two freeze out, and the stable states remain as relics.
Co-decaying DM will be a generic feature of nearly su-
persymmetric dark sectors, in which R-parity stabilizes
one or more of the light states, while the others decay via
a weak portal to the MSSM sector.
The relic density for a co-decaying sector can be given
in terms of the standard sudden freeze-out approxima-
tion,
Ω '
(
10.75
g?,f
)1/2(
xf
20
)(
10−26cm3/s
〈σv〉f
)
, (4)
where g? is the number of relativistic degrees of freedom,
x ≡ m/T with m the mass of the degenerate states and T
the SM bath temperature, and 〈σv〉f is the thermally av-
eraged annihilation cross-section between the stable and
unstable states. Here, subscripts f refer to quantities
evaluated at the time of freezeout, T = Tf .
For s-wave scattering of degenerate states, the cross-
section approaches a constant, and therefore the ther-
mally averaged cross-section is proportional to the aver-
age velocity. In terms of the on-threshold cross-section
σ,
〈σv〉f = 4√
pi
σ√
x′f
, (5)
where x′ = m/T ′ and T ′ is the temperature of the dark
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FIG. 1. Left: Diagrammatic representation of the different sectors and their respective couplings. The hidden sector is
connected to SUSY-breaking through the SM via M suppressed operators and directly through Mpl suppressed operators.
Right: Mass spectrum of particles we consider.
sector. Using this, the relic abundance of Eq. (4) is
Ω ' 0.27×
(
10.75
g?,f
)1/2(
xf
20
)(
2× 10−36cm2
σ
)√
x′f .
(6)
If the decay Γ of the unstable state is faster than the
Hubble rate at T ′ = m, Γ >∼ Hm, then the dark sector
will decay and freeze out while in equilibrium with the
SM, in which case the thermal history resembles that of
a WIMP-like thermal relic, and xf = x
′
f ' 20. The
phenomenology of such a scenario was studied in detail
in Ref. [31].
Another possibility is that in the early universe, the
dark sector decouples from the SM bath. The heavier
states freeze out and decouple, leaving just the lightest
states in the sector. Assuming the decays of the unstable
light states occur out of equilibrium, Γ  Hm, the co-
moving number density does not deplete when the nearly
degenerate light states become non-relativistic. Instead,
the exponential suppression of the number density is de-
layed until the unstable states decay. After decays begin
(at a later time), the stable population continues to follow
the unstable population until the system can no longer
maintain chemical equilibrium. At this point, the stable
population freezes out and the unstable particles decay
away. The relic density of the stable particles will depend
on the cross-section, σ, between the stable and unstable
states, as well as the lifetime of the decaying states, Γ−1.
The evolution of the dark matter density of the sta-
ble state ψ˜ and the long-lived state φ are given by the
Boltzmann equations:
n˙ψ˜ + 3Hnψ˜ = −〈σv〉ψ˜ψ˜→φφ(n2ψ˜ − n2φ) + [3→ 2] ,
n˙ψ˜+φ + 3Hnψ˜+φ = − (〈Γφ〉T ′nφ − 〈Γφ〉TneqT ) + [3→ 2] ,
ρ˙ψ˜+φ + 3H(ρψ˜+φ + Pψ˜+φ) = −mΓφ (nφ − neqT ) ,
(7)
where 〈Γφ〉T (T ′) is the thermally averaged decay rate at
the given temperature. Here n, ρ and P are the number
density, energy density and pressure, respectively. These
equations can be solved, along with the Friedman equa-
tions, to obtain the relic abundance of ψ˜, along with
the entropy dump of the out-of-equilibrium φ decays, for
given mass and interactions. We solve these equations
numerically for the explicit model given below.
Useful analytical approximations that roughly capture
the behavior of the relevant quantities can be found as
follows. For an estimate of the relic abundance in terms
of the parameters, one must determine the temperatures
of the dark sector and SM at the time of freeze-out. The
dark sector undergoes several stages of evolution:
1. Cannibalization: When the dark sector becomes
non-relativistic, it undergoes cannibalization as the
result of 3→ 2 processes.
2. Non-relativistic cooling: After 3 → 2 processes
freeze out, the dark sector will redshift as a non-
interacting non-relativistic particle.
3. Decay: When the age of the universe reaches the
average lifetime of the decaying states, i.e. Γ = H,
the dark matter particles will begin to decay away.
4. Freezeout: The decays will stop depleting the DM
abundance when the dark-sector interactions freeze
out.
4The temperatures at freeze-out can be obtained by evolv-
ing the dark sector density and temperatures through
these different stages in the dark matter evolution.
Using conservation of entropy and the second law of
thermodynamics, one can show that the number density
of the dark sector after it has become non-relativistic up
until the onset of decays (m < T ′ < T ′Γ) is
n′ = g′
(
mT ′
2pi
)3/2
e(µ
′−m)/T ′ =
T ′
m− µ′ + 52T ′
ξs, (8)
where ξ is the ratio of dark to SM degrees of freedom
at decoupling, and s is the entropy density of the photon
bath [9]. During this period the dark matter can come to
dominate the energy density of the universe, and there-
fore the Hubble scale has important contributions from
both the energy density of the radiation and the non-
relativistic dark matter:
H2 =
ρSM +mn
′
3m2pl
. (9)
We refer to the temperatures at which cannibalization
ends as Tc and T
′
c. These temperatures can be found
from the instantaneous freeze-out approximation,
n2c
〈
σv2
〉
3→2 ' Hc, (10)
and from Eq. (8), using µc = 0. Here subscripts c refer
to quantities evaluated at T = Tc.
Next, the dark sector redshifts as a decoupled non-
relativistic species until decays begin, roughly when
Γ = HΓ. (11)
The temperatures and chemical potential are simply give
by
x′Γ '
(
g∗,c
g∗,Γ
)2/3
x′c
x2c
x2Γ , (12)
µ′Γ
m
' 1− x
′
c
x′Γ
. (13)
Eqs. (12)–(13) can be solved for xΓ and x
′
Γ.
Finally, the temperature at freeze-out can be deter-
mined using the instantaneous freeze-out approximation
for the 2 → 2 annihilations, and the number density for
a decaying particle. Further details can be found in the
original work [9]. We find that
xf ' 2√
ΓB/Hm
log1/2
2√
pi
sm
Hm
ξσ
xf
√
x′fx
′
Γ(1− µ
′
Γ
m +
5
2x′Γ
)
, (14)
and the dark sector approximately continues to redshift
until freeze-out, at
x′f ' x′Γ
(
xf
xΓ
)2
. (15)
Eqs. (6)–(15) can be solved for the relic abundance
when the decays occur out-of-equilibrium. As stated
above, however, in presenting our results in the next sec-
tions, we use the full numerical computation.
IV. EXPLICIT MODEL
We now present an explicit realization of a very su-
persymmetric hidden sector model and explore all the
co-decaying parameter space. The model forms a useful
benchmark to demonstrate in detail how co-decay occurs
within supersymmetric theories, including both in- and
out-of-equilibrium decays.
Consider the MSSM coupled via a small coupling ε,
to a chiral superfield Φ with self-coupling, κ, and mass
parameter, m. The superpotential is
W = WMSSM +
1
2
mΦ2 +
1
3
κΦ3 + εΦHuHd, (16)
where
WMSSM = µHuHd+yuHuQu¯−ydHdQd¯−yeHdLe¯ . (17)
We follow the notation conventions of Ref. [32]. Note that
a similar Lagrangian is considered in the NMSSM [33–35]
and in stealth-supersymmetry models [25–27], but here
the Φ field is not responsible for generating the µ-term
and the collider signatures are not stealthy.
Contained in the Φ superfield are the R-even complex
scalar φ = 1√
2
(φR + iφI) and the R-odd fermion ψ˜. The
fermion, ψ˜, will be taken to be the lightest R-odd par-
ticle (up to the gravitino). After the scalar Higgses ac-
quire their vacuum expectation values (VEVs), the por-
tal interaction will induce mixing between the ψ˜ and the
MSSM neutralinos, and between the φ and the MSSM
Higgses. Since we consider the portal to be very weak,
ε 1, the hidden sector mass eigenstates will contain a
small amount of MSSM fields, so we will continue to call
the mass eigenstates by φR, φI , and ψ˜. Full details of
the mixing can be found in Appendix A.
All the ingredients for the co-decay mechanism are
present in the superpotential Eq. (16). The supersym-
metric nature of the dark sector imposes approximate de-
generacy between the fermion and scalar fields, R-parity
stabilizes the fermion, the self-coupling κ induces inter-
actions within the dark sector that keep it in equilibrium,
and the small portal coupling, ε, will result in the scalars
decaying to the SM. We review these ingredients here
and leave the detailed calculations to the Appendix.
Mass splitting between the scalars and the fermion is
generated by the mixing with the Higgs sector and via
5supergravity. A correction of O(ε) for the fermion mass
is also generated, coming from the VEV of φ and the κΦ3
interaction. The masses of the hidden sector particles at
this order are given by
m2φR =m
2 − κεv2
(
3
µ
m
− sin (2β)
)
+O(mm3/2),
m2φI =m
2 − κεv2
( µ
m
− sin (2β)
)
−O(mm3/2),
mψ˜ =m−
κεv2
m
(
µ
m
− 1
2
sin (2β)
)
+O(m3/2).
(18)
Note that in general the gravity-mediated effects are
not precisely calculable without a complete model of the
SUSY breaking sector; above we simply show the order
of magnitude expected in a generic model.
For the results in Section III to apply, the mass split-
ting between the fermion and scalars ∆m must be smaller
than the temperature at freezeout, |∆m| < T ′f . If the
mass splitting is larger, the model can still exhibit a vi-
able dark matter candidate, but the parameters differ
from those previously described.
For m < mh,mH ,mA, the scalars decay to SM pairs
via mixing with the MSSM Higgs bosons,
ΓφR→SM ∼ ε2
v2
m2h,H
Γh,H→SM(m),
ΓφI→SM ∼ ε2
v2
m2A
ΓA→SM(m), (19)
where Γh,H,A→SM(m) is the decay width of the scalar
Higgs evaluated with massmh,H,A = m. For heavier dark
scalar masses, the dark scalars can also decay directly in
a pair of MSSM Higgs scalars. More precise decay widths
are given in Appendix B. If the scalars are degenerate, we
can define the complex scalar decay rate, Γφ = (ΓφR +
ΓφI )/2.
The trilinear superpotential coupling, κΦ3, generates
self-interactions within the dark sector. The ψ˜ψ˜ → φφ
annihilation cross section is given by
σ =
25
72pi
κ4
m2
, (20)
and is responsible for maintaining chemical equilibrium
within the dark sector until freezeout.
The interaction also generates 3→ 2 annihilations that
can cannibalize the dark sector when non-relativistic.
There are many different possible 3 → 2 processes, in-
volving different numbers of scalars and fermions. The
temperature when cannibalization ends can be estimated
from the total 3 → 2 thermally averaged rate, averaged
over all fermions and scalars that can appear in the initial
and final state. We find this to be
〈
σ3→2v2
〉
=
25
√
5
1024pi
κ6
m5
. (21)
The temperature of freeze-out of the 3 → 2 processes
FIG. 2. Setting the dark matter relic abundance via the
co-decay mechanism, for various values of m indicated on the
solid curves. The shaded gray region indicates decays that
occur past neutrino decoupling and is thus excluded by BBN
measurements.
can then be determined by the instantaneous freeze-out
condition, n2
ψ˜,φ
〈
σ3→2v2
〉
= H.
Assuming the mass splitting is small, the relic abun-
dance depends on m, κ, and ε, with mild dependence on
the standard MSSM parameters. In presenting our re-
sults throughout this paper, we choose a representative
set of values for these,
µ = 1 TeV, mA = 7000 GeV,
cos (α− β) = 0, tanβ = 10, (22)
but note that the qualitative features are unchanged for
variations in these values. In Fig. 2 we show the κ ver-
sus ε relation that gives the observed dark matter relic
abundance, for several values of m, as indicated by the
solid colored curves. The gray shaded region indicates
where decays occur after neutrino decoupling and is thus
excluded by Big Bang Nucleosynthesis (BBN); see dis-
cussion below.
V. CONSTRAINTS
Having presented the model, we move to discuss the
constraints on the parameter space. The important pa-
rameters are m3/2, m, ε and κ, with the supersymmetric
parameters taken illustratively as the benchmark values
in Eq. (22). To obtain the correct relic abundance, we
take ψ˜ to make up the entirety of dark matter, which
fixes the value of κ in terms of ε and m, as demonstrated
in Fig. 2. The resulting parameter space is presented in
Fig. 3 in terms of the (ε,m) parameter space. Below we
describe the various constraints of each region.
6FIG. 3. Constraints on the parameter space. The gray shaded
region indicates where decays occur after neutrino decoupling
and is excluded by BBN. The blue dashed curve indicates the
transition between in-equilibrium decays (above this curve)
and out-of-equilibrium decays (below the curve). The green
shaded region shows where the mass splitting (ignoring grav-
ity contributions) is larger than the freeze-out temperature,
in which case the relic abundance analysis is altered from
that presented in this work. The red (purple) shaded region
indicates where telescope experiments searches would have
observed DM decay (annihilations).
A. Lifetime of φ
The decays of the scalars can occur either in- or out-of-
equilibrium. If either scalar has a sufficiently large decay
rate [see Eq. (19)] it will bring the entire sector into equi-
librium with the SM. The differentiation between these
two regions can roughly be estimated by comparing the
decay width to the Hubble parameter when the tempera-
ture is of order the particle’s mass, Γφ ' 0.1H(m). This
distinction is represented by the blue dashed curve in
Fig. 3: above (below) this curves, φ decays roughly oc-
cur in (out) of equilibrium.
If the decays are active during BBN, this will dump
entropy into the SM as well as induce photodisintegra-
tion of light nuclei. Both these processes are heavily con-
strained by measurements of the ratios of abundances of
light elements today [36]. To this end, we require that
both scalars decay before neutrino decoupling, T ' MeV.
The resulting constraint is indicated by the shaded gray
region labeled ‘BBN’ in Fig. 3 (and by the shaded gray
region in Fig. 2).
B. Lifetime of ψ˜
Requiring the mass splitting between the fermion and
the scalars of the dark sector be small imposes m3/2 
m. Thus, the gravitino is the LSP, and R-parity can
only render the dark matter candidate ψ˜ approximately
stable. The light gravitino induces the decays of the dark
matter: three-body decays ψ˜ → G˜ (φ∗ → ff¯), and two-
body decays ψ˜ → G˜φ (if mψ˜ > m3/2 + mφ). The decay
rates are given by
Γψ˜,3−body =
m5
1152pi2M2Plm
2
3/2
Γφ
m
,
Γψ˜,2−body =
m5
48piM2Plm
2
3/2
(
∆m2
m2
)4
.
(23)
These decay rates are observable both cosmologically
and today. Decays of particles between recombination
and reionization will dump energy into the SM bath
which can induce distortions to the cosmic microwave
background (CMB) [37]. Furthermore, unstable dark
matter decay in DM-rich regions can be observed using
telescope experiments, placing a constraint on its decay
rate [38, 39]. In general, both these probes depend on the
final state products and the mass of the decaying parti-
cle. Which probe is most stringent depends on the mass
of ψ˜ and the particular decay mode, however we find
that, across the range of interest, constraints from the
isotropic gamma ray background measured by FERMI-
LAT [40] are the most powerful [38].
The dominant fermion decay rate depends on the mass
splitting in the dark sector. From Eq. (18), the splitting
between masses squared of the hidden sector fermion and
scalars is
∆m2 ≡m2
ψ˜
−m2φR,I = ±κεv2
( µ
m
)
+O (mm3/2) ,
(24)
with the last term above indicating the gravity medi-
ated effects, which are not precisely calculable without
a complete model of the SUSY breaking sector. How-
ever, there are calculable unavoidable contributions from
anomaly mediation. Given the dimensionful coupling m
in the superpotential, including the conformal compen-
sator (Φc = 1 + m3/2θ
2) in the interaction, generates a
B-type term,∫
d2θ (mΦcΦΦ)→ mm3/2φφ . (25)
Additional terms of the same order will arise from the
supergravity Lagrangian [26].
Generically, the 2-body decay is fast if kinematically
allowed; it is shut off if
∆m2 <2mm3/2. (26)
The irreducible contributions are of order this size, but
we require that the sum of these contributions add to
satisfy Eq. (26) such that the 2-body decay is turned off
and the 3-body decay dominates.
The dominant constraints in our mass region of interest
are then from decays to ψ˜ → G˜b¯b and related fermionic
channels (we sum all relevant channels when estimating
7the constraints). Such decays have similar kinematics to
those of DM → b¯b decays, which have been well studied
in the literature and we use the results of Ref. [38] to
estimate the constraints. Noting that the 3-body decay
rate (denoted here simply by Γψ˜) is inversely proportional
to the square of the gravitino mass—namely that Γψ˜m
2
3/2
is constant—the lifetime constraint can be written as a
lower bound on the gravitino mass m3/2 in terms of the
other parameters:
m3/2 >
(
Γψ˜m
2
3/2
Γlim
)1/2
. (27)
where Γlim is the observed limit, and is a function of the
dark matter mass.
If m3/2 is too large, a large mass splitting between the
hidden sector particles will be induced, which renders
the results of Section III inapplicable. For simplicity,
we therefore choose to focus on the region of parameter
space where the splitting is smaller than the dark sector
temperature at freeze-out, ∆m < T ′f . To achieve this
without too much tuning, we require
m3/2 < T
′
f . (28)
Combined, to satisfy both Eqs. (27) and (28), we im-
pose that
T ′f >
(
Γψ˜m
2
3/2
Γlim
)1/2
. (29)
As long as this constraint is satisfied, there exists a value
of m3/2 where the mass splitting is sufficiently small, and
the 3-body decay rate is sufficiently slow. The red shaded
region in Fig. 3 is ruled out by failure to meet this con-
straint. The non-smooth behavior of the constraint for
small ε is from rapid changes in T ′f as cannibalization
stays on the entire time or not depending on m.
C. ψ˜ψ˜ annihilations
In addition to slow dark matter decays, telescope ex-
periments also have the ability to detect DM annihi-
lations which cascade into SM states through ψ˜ψ˜ →
φR/IφR/I . The produced final SM state depends on the
mass, with the dominate state being b¯b for the range of
interest. We recast previous limits on direct DM annihi-
lations [38, 41], while rescaling the rates and kinematics
to match a 2 → 2 process to a 2 → 4 process. Due
to the inevitable velocity suppression in the annihilation
cross-section, we use the constraints from diffuse emission
instead of dwarf galaxies or the cosmic microwave back-
ground, which are typically stronger but have a larger
velocity suppression in rates.
The constraints are shown in the purple shaded region
in Fig. 3. Unfortunately, the recast constraints for the
final states of interest are only available for dark matter
masses above 10 GeV (which corresponds to 20 GeV for
our 2→ 4 processes). Nevertheless since the experiments
detect emission well below this threshold, it should be
possible to extend these constraints in future work.
D. Gravitino abundance
A necessary requirement of very supersymmetric sec-
tors is the lightness of the gravitino; otherwise there will
be inevitable large splitting in the hidden sector. Light
gravitinos are a form of hot dark matter and cannot make
up a substantial fraction of dark matter without being
ruled out by the observation of structure at small scales.
Unfortunately, gravitinos are typically overproduced in
what is known as the cosmological gravitino problem [28]
(see, e.g., Ref. [29] for a recent review).
Post-inflationary gravitino production occurs through
two main processes: freeze-in production from superpart-
ners dropping out of the SM bath and decays of the (sec-
ond) lightest R-odd states in the spectrum into the grav-
itino. The gravitino problem for very supersymmetric
sectors is alleviated in two different ways. First, by as-
sumption that the DM is roughly cosmologically stable,
there may not be significant gravitino production from
decays. As discussed in Section V B, this decay rate can
be heavily suppressed if φ is heavier than ψ˜. Second, if
freezeout occurs while the hidden sector is out of equi-
librium with the SM [Γ  H(m)], this can result in an
early period of (dark) matter domination. Once the de-
cays become efficient, they reheat the SM bath, diluting
existing relics, Yf ' YΓSΓ/SRH, where Y ≡ n/s is the
comoving number density.
The ratio of entropy after reheating to the onset of the
decay can be estimated using energy conservation as (see,
e.g. [42]))
SRH
SΓ
∼ m
(Γmpl)1/2
nΓ
sΓ
. (30)
Using conservation of entropy from the time cannibaliza-
tion stops in the hidden sector until decays begin,
SRH
SΓ
∼ T
′
c
(Γmpl)1/2
, (31)
where T ′c is the temperature in the dark sector when
cannibalization stops (namely 3 → 2 process freezeout).
Taking the extreme case that T ′c ∼ m and the decay hap-
pens at T ∼ MeV, one can see the entropy dump can be
as large as ∼ m/MeV. For a generic co-decaying model,
this can in principle be as large 107 [9], significantly di-
luting any pre-existing gravitino abundance.
The initial gravitino abundance can be estimated us-
ing standard techniques [29]. In Fig. 4 we show the con-
straints on the parameter space for different dilution fac-
tors assuming negligible production of gravitinos from
8FIG. 4. Constraints for different levels of dilution assuming
TRH = MSUSY (otherwise the constraints seep into the white
region).
the epoch of reheating after inflation. Note that co-
decaying dark matter greatly reduces the gravitino abun-
dance, allowing for relatively high scale inflation and su-
perpartners well above the TeV scale. This opens up the
possibility of gauge-mediated split supersymmetry [30].
Note that the entropy dump solution to the gravitino
problem presented here does not depend on reproducing
the relic abundance. In terms of the concrete model used
here, the entropy dump has only a mild dependence on
the parameters of the theory through the log-dependence
of T ′c.
VI. DISCUSSION
We have shown that very supersymmetric dark sec-
tors, in which there is near degeneracy between bosons
and fermions, can have distinct thermal histories which
differ significantly from an ordinary WIMP. In much of
the parameter space, the dark matter relic abundance is
set by a co-decay process, where the decays of the scalar
occur either in- or out-of-equilibrium. We presented a
toy model which exemplifies all the features of such sec-
tors, and studied the resulting constraints on the param-
eter space. Furthermore, we have demonstrated how very
supersymmetric dark sectors can alleviate the gravitino
problem via large entropy dumps, which are natural in
such thermal histories.
These supersymmetric dark sectors have distinct phe-
nomenology and offer a new way to discover SUSY
t˜
t
H˜
ψ˜
φ
SM
ε
ε
g˜
t˜
t
t
H˜
ψ˜
φ
SM
ε
ε
FIG. 5. Sample production modes for long-lived particles at
colliders.
through the energy, lifetime, indirect detection, and cos-
mological frontiers.
At colliders, SUSY dark sectors will generically yield
long-lived particles. If kinematically accessible, colored
particles introduced to solve the hierarchy problem will
be produced at the LHC. These will decay into the hid-
den sector through the small coupling ε between the dark
and visible sectors, rendering these decays long-lived. A
distinct feature of such sectors are decays both into the
hidden sector and back again, which results in two dis-
placed vertices, see Fig. 5. These vertices will have cor-
related decay lengths as they are both suppressed by the
small coupling ε. For the parameter space considered
here, the lifetimes of φ varies from a millimeter to effec-
tively stable on collider scales. The lifetime for the LoSP
is model dependent, but a similar range of lifetimes is ex-
pected. With the proposal of new experiments designed
to discover long-lived particles such as MATHUSLA [43],
FASER [44], CODEX-b [45], and AL3X [46], the LHC
could be primed to see one displaced vertex while the
further detector could see the second, longer, displaced
vertex.
Telescope experiments are also uniquely poised to ob-
serve very supersymmetric dark sectors via two distinct
signatures. First, dark matter is predicted to inevitably
decay to gravitinos and SM particles, with rates predicted
by Eq. (23). These decay rates depend on the couplings
to the SM, the mass of the hidden sector, and the grav-
itino mass. In addition, one can also observe the annihi-
lation process which governed the thermal freezeout as in
Eq. (20). The annihilation rate depends only on the cou-
pling within the hidden sector and its mass, which offers
a complementary probe of the supersymmetric nature of
the sector. An observation of both these signals could in
principle be differentiated by the energy dependence of
the final state.
The above signatures persist for both the in- and out-
of-equilibrium regions of parameter space. However, a
unique prediction of the out of equilibrium co-decaying
regime, is the possibility of a period of matter domination
before the onset of BBN. This will produce enhanced
power at small scales in the matter-power spectrum. As
9a result, compact dark objects can form, which could be
seen through indirect detection [47], microlensing [48, 49],
astrometry [50] and pulsar timing arrays [51]. Unlike the
collider signatures described above, enhanced power at
small scales could be present even if SUSY is present well
above the weak scale; this forms a unique opportunity to
probe high scale supersymmetry.
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Appendix A: Mixing of hidden sector with MSSM
particles
Here we discuss the mixing of the hidden sector parti-
cles φ and ψ˜ with the MSSM particles, in the model of
Section IV. The scalar potential is given by
V = |εφ+ µ|2
(
|Hu|2 + |Hd|2
)
+
∣∣ε (Hu ·Hd) + κ2 +mφ∣∣2
+m2hu |Hu|2 +m2hd |Hd|2 + [bHu ·Hd + c.c.] ,
(A1)
where m2hu , m
2
hd
, and b are soft squared-mass terms.
Once the scalars acquire VEVs, quartic terms in the
potential generate mass corrections, and cubic terms in-
duce mixing. Taking φ = 1√
2
(vφ + φR + iφI) , one finds
that φR mixes with the CP-even MSSM Higgs fields h
and H, and φI mixes with the CP-odd Higgs A
0:
V ⊃ εv√
2
m
(
2
µ
m
+ s2β
)
φRh+
εv√
2
ms2βφRH
+
εv√
2
mφIA
0,
(A2)
where v = 246 GeV, tanβ ≡ vu/vd, and we work in the
alignment limit, where the light Higgs, h, is aligned with
the direction of the VEV.
There are two values of φR that are local minima of
the potential. Depending on the parameters, either may
be the global minimum. For ε m3/v2κµ, the possible
VEVs are
vφa = − εv
2
√
2m
(
µ
m
− 1
2
s2β
)
; (A3)
vφb = −
√
2
m
κ
− εv
2
√
2m
(
µ
m
+
1
2
s2β
)
. (A4)
For κε < 0, the global minimum is vφa, which is ε sup-
pressed. For κε > 0, the global minimum is vφb, which is
near −√2m/κ. To avoid complications associated with a
large φR VEV, we choose sign (κε) = −1, in which case
the physical states are
φSR =φR +
√
2εv
[
m
2 (m2h −m2)
(
1− t2β
1 + t2β
)
h
+
1
(m2H −m2)
(
µ− tβ
1 + t2β
m
)
H
]
+O (ε2)
(A5)
φSI =φI + εv
m√
2 (m2A −m2)
A0 +O (ε2) (A6)
with masses
m2SR = m
2 − εκv2
(
3µ
m
− s2β
)
+O (m3/2m) ; (A7)
m2SI = m
2 − εκv2
( µ
m
− s2β
)
+O (m3/2m) . (A8)
The dark fermion ψ˜ mixes with the MSSM neutralinos,
as seen in the bilinear terms
Lferm. mass =− 1
2
(
m+
√
2κvφ
)
ψψ
+
εv√
2
(
[sβZ
∗
i3 + cβZ
∗
i4]ψN˜i
)
− 1
2
mN˜iN˜iN˜i + c.c.
(A9)
with vφ given by Eq. (A3) (which holds when εκ < 0, as
noted above). Writing the mass terms in matrix form,
Lψ,N˜i =−
1
2
(
ψ N˜i
)
Mψ
(
ψ
N˜j
)
(A10)
Mψ =
( (
m+
√
2κvφ
) − εv√
2
(sβZ3j + cβZ4j)
− εv√
2
(sβZ3i + cβZ4i) mN˜iδij
)
(A11)
where Zij is MSSM neutralino mixing matrix,
N˜i = Zij
(
ψ0
)
j
; ψ0i =
(
B˜, W˜ 0, H˜0u, H˜
0
d
)
. (A12)
Diagonalizing perturbatively, we find the dark fermion
10
φR,I
f
f¯
φR,I
h
h,A0
φR
W,Z
W,Z
FIG. 6. Decay modes of φR and φI .
mass eigenstate is:
ψ − εv√
2
4∑
i=1
sβZ3i + cβZ4i
m−mN˜i
N˜i +O
(
ε2
)
, (A13)
and the dark fermion mass is
mψ˜ =m− εv2
κ
m
(
µ
m
− 1
2
s2β
)
+O (ε2) . (A14)
From this and Eqs. (A7) and (A8), the mass splittings in
the hidden sector are
∆m2R,I ≡ m2ψ˜ −m2φR,I = ±κεv2
µ
m
. (A15)
We emphasize that Eqs. (A5)–(A8) rely on a pertur-
bative expansion in the parameter εv2κµ/m3, which is
small in only some of the parameter space we consider.
To produce the plot in Fig. 3, rather than relying on this
perturbative expansion to get analytic expressions, we
numerically diagonalized the full mass matrix. We use
the perturbative result only as a conceptual tool.
Appendix B: Dark sector scalar decay rate
The scalars φR, φI decay to MSSM particles via the
ε portal. These decay rates can be perturbatively cal-
culated from the diagrams shown in Fig. 6, using the
mass-insertions in Eq. (A2). The total width, for a given
mass, is the sum of partial widths to all SM final states
for which
∑
mi ≤ m, where the partial decays of the real
scalar are,
ΓφR
ff¯
=
ε2v2
2m2
(2 µm − s2β)
m2 −m2h
+
(
yfH/y
f
h
)
c2β
m2 −m2H
2 Γhff¯
(B1)
ΓφRhh =
ε2m
64pi
(
2
µ
m
− s2β
)2√
1− m
2
h
m2
(B2)
ΓφRgg =
ε2v2mh
(
2 µm − s2β
)2
2m3
(
1− m2hm2
)2 Γhgg (B3)
ΓφRZZ,WW =
ε2v2
(
2 µm − s2β
)2
2m2
(
1− m2hm2
)2 ΓhZZ,WW (B4)
For the imaginary scalar,
ΓφI
ff¯
=
ε2v2
mφImA
(
1− m
2
A
m2φI
)−2
ΓAff¯ , (B5)
ΓφIhA '
ε2mφI
64pi
m2φI −m2A
2m2φI
, (B6)
where Γh/A denotes the h or A decay rate (see, e.g.,
Ref. [52]) with mh/A → m.
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